One-sentence summary: The transition from diploidy to polyploidy in cultivated persimmon is associated with an added layer of regulation in the form of gene methylation, allowing for a reversible sex-determination system.
INTRODUCTION 1
Epigenetic variation potentially enables long-term but reversible cis-regulatory 2 changes to take place in an allele while maintaining its DNA sequence. Like mutations 3 based on DNA changes, epialleles occur in wild plant populations and may evolve neutrally 4 or adaptively, carrying the added advantage of simple reversibility (Chen, 2007 , Kaeppler et 5 al., 2000 , Manning et al., 2006 . There are very few cases where metastable or 6 programmed variable epigenetic states inferred to be adaptive have been documented. 7
Yet, epialleles offer a natural switch system that can prove particularly well suited in 8 specific situations. Epigenetic switching might also be particularly advantageous for trees, 9 whose persistent meristems can traverse large temporal and spatial distances. 10
Diploid persimmon tree (Diospyros lotus) is dioecious, i.e., each tree bears 11 exclusively male or female flowers. Dioecy is found in approximately 6% of plant species 12
and is thought to have evolved independently multiple times (Ming et al., 2007) . Most 13 dioecious species carry sex chromosomes, as is the case for persimmon, in which males 14 are heterogametic (XY) and females carry two copies of the X chromosome (Akagi et al., 15 2014b) . In diploid persimmon, we previously established that sex determination is governed 16 by a pair of genes called OGI (Japanese for male tree) and MeGI (Japanese for female 17 tree) . OGI is a Y-encoded pseudogene that produces a non-coding 18 hairpin-forming RNA, ultimately producing smRNA (small RNA) molecules that target the 19 homologous MeGI gene . MeGI is an autosomal gene that encodes a 20 homeodomain transcription factor regulating flower development and anther fertility in a 21 dosage-dependent fashion . MeGI is a homolog of the barley 22 (Hordeum vulgare) Vrs1 gene, previously identified because it controls lateral flower 23 development and inflorescence development in barley flowers (Komatsuda et al., 2007) . In 24 male persimmon trees, OGI smRNAs trigger transitive expression of MeGI smRNAs 25 (smMeGI), which in turn act to repress MeGI expression in developing male flowers. While 26 the diploid persimmon D. lotus is dioecious, the closely related species Diospyros kaki 27 contains mostly autohexaploid trees, with varieties that are either fully female or 28 monoecious, i.e., each tree bears both male and female flowers. With the exception of a 29 few female cultivars that occasionally bear male flowers (Hiroshima and Prefecture, 1979; 30 Yonemori et al., 1993 ), all monoecious trees tested so far carry at least one copy of the Y 31
In diploid D. lotus, we previously determined that the OGI-pseudogene produces smRNAs 48 that target the MeGI autosome and that these smRNAs result in transitive expression of 49 smRNAs from MeGI, repressing its own expression (Akagi et al., 2014b) . This results in a 50 reduction in MeGI expression levels in developing male flowers compared to developing 51 female flowers. To investigate if similar events occur in hexaploid D. kaki, we compared 52 three types of flowers: i) female flowers from female trees (individuals lacking OGI and Y-53 specific sequence entirely and bearing exclusively female flowers), ii) female flowers from 54 monoecious trees, and iii) male flowers from monoecious trees. 55
We observed that the production of smMeGI and associated repression of MeGI 56 were conserved and specific to male flowers in monoecious D. kaki ( Figure 1A parental female branches and investigated the methylation status of the MeGI promoter in 155 these buds. We found that cytosine methylation on the MeGI promoter in these developing 156 buds was tightly associated with the ratio of male-to-female flowers expected to develop 157 from these buds. Specifically, buds located at the ends of female branches were not 158 methylated, while approximately half of the proximal developing buds carried cytosine 159 methylation and the other half did not (Supplemental Figure 9 ). Taken together with the 160 lack of MeGI promoter methylation in female flower buds, a parsimonious explanation is 161 that the shoot apical meristem of the primary female branch forms inflorescence meristems 162 in which the MeGI promoter is not methylated. Some of the inflorescence buds reset, 163 resulting in early deposition of methylation marks on MeGI promoters. Subsequently, these 164 form male branches. The well-known persistence of epialleles might explain the low 165 conversion rate of male into female branches. 166
Treatment with methylation inhibitors can result in altered flower development 167
Given the potential role of DNA methylation in sex determination of developing branches, 168
we investigated the effect of the non-specific methylation inhibitor zebularine on sex 169 determination. Flowers from female D. lotus (diploid) trees were unaffected by the 170 treatment (Supplemental Table 3b ). Treatment of developing flowers from male D. lotus 171 trees produced no phenotypic change in 60% of the treated flowers, intermediate changes 172
in 30% (Supplemental 10h), and distinctly inhibited stamen and pollen development in 10% 173 of flowers but did not promote pistil development (Supplemental Table 3b and 174
Supplemental Figure 10 ). Zebularine application to developing monoecious D. kaki male 175 buds and flowers had no effect in the case of D. kaki cultivar Fudegaki (Supplemental 176 Figure 11a and Supplemental Table 4a ). In Zenjimaru and Taishu (male-biased 177 monoecious cultivars), zebularine treatment promoted pistil development, resulting in semi-178 hermaphroditic flowers in 59/71 and 20/32 treated flowers, respectively ( Figure 5A , 179
Supplemental Figure 11a and Supplemental Table 4 ). Zebularine also inhibited anther 180 development, resulting in a smaller proportion of pollen grains exhibiting normal pollen tube 181 growth ( Figure 5B and Supplemental Figure 11b ). Female flowers from the same 182 monoecious trees treated with zebularine did not exhibit any distinct changes. Consistent 183 with the role of zebularine in MeGI regulation, smMeGI expression levels were also 184 8 reduced in zebularine-treated male flowers, from 133 to 35 reads per kilobase per million 185 mapped reads (RPKM) in control and zebularine-treated flowers, respectively 186 (Supplemental Figure 11d) . Comparison of the level of cytosine methylation in the semi-187 feminized and WT male flowers in these three cultivars showed that semi-feminized flowers 188 tended to exhibit reduced cytosine methylation levels, while unaffected flowers did not 189 exhibit any significant decrease in methylation level (Supplemental Figure 10c) . While D. 190 kaki displayed a variable response to zebularine treatment, the phenotypic and molecular 191 responses of Zenjimaru were thus associated with both the repression of male organs and 192 the promotion of female organs, the two elements being necessary to switch gender. 193
Mechanistically, these results are consistent with the hypothesis that, in male flowers, 194 methylation of the MeGI promoter promotes smMeGI production to repress MeGI 195 expression, which in turns results in male flower development. It is possible that at least 196 some of the variation observed in the response to zebularine stems from variable 197 penetration of zebularine depending on tissue type, developmental stage, and/or cultivar. 198
DISCUSSION 199
We set out to investigate the mechanisms underlying sex determination in persimmons 200
and, more specifically, we wanted to understand how a tree that is genetically male can 201 produce both male and female flowers. While flower development and most of the 202 molecular pathway leading to sex determination are conserved between the two species 203 (Figure 1 ), we found two notable differences. First, OGI expression remained undetectable 204 in developing male flowers of D. kaki, potentially due to the insertion of a SINE-like element 205 in its promoter (Figure 2 ). Second, we found a tight association between sex determination 206 and methylation of the MeGI promoter (Figure 4) , which exhibits 5' cytosine methylation 207 and repression of MeGI expression in buds that form male flowers, but not in the rest of the 208 plant body or in buds that form female flowers. Confirming this hypothesis, we observed 209 that treatment of developing male flowers with a methylation inhibitor could result in 210 feminized flowers ( Figure 5 ). 211
A model for sex determination in monoecious persimmon 212
This epigenetic sex regulation mechanism stands in contrast to genetic determination in the 213 closely related diploid persimmon ( Figure 6 ). Our results suggest that monoecy in9 hexaploid D. kaki and the observed strong association between the sexuality of a branch 215 and that of its parental branch is based on the presence of transitive smMeGI and DNA 216 methylation on the MeGI promoter. In this model, the methylation signal present on the 217
MeGI promoter can activate smMeGI production ( Figure 6 ). This is consistent with the 218 observation that MeGI promoter methylation is observed very early in bud development 219 (June), prior to any observation of smMeGI production. Based on the observation that the 220 smRNAs targeting the MeGI promoter are 21-nt long, this regulation may involve the non-221 canonical RNA-dependent DNA Methylation (RdDM) pathway and the action of Pol II (RNA 222
Polymerase II) and RDR6 (RNA-Dependent RNA Polymerase 6) (Matzke and Mosher, 223 2014; Matzke et al., 2015) . 224
In most D. kaki cultivars/accessions, the first flowers produced by monoecious trees 225 are female, suggesting that the default state is for the MeGI promoter to be active and 226 unmethylated. This state changes in some developing buds, in which methylation marks 227 are deposited on the MeGI promoter and which will eventually develop into branches 228 bearing male flowers. This suggests that de novo methylation occurs in these specific buds, 229 followed by maintenance of this methylation so that all flowers produced by these buds are 230 male and most branches produced in subsequent years from these male branches are also 231 male. Occasional sex reversal from male to female could originate from spontaneous 232 demethylation of the MeGI promoter, as suggested by the results of our zebularine 233
treatment. 234

Lack of OGI expression in monoecious D. kaki 235
High DNA methylation levels were observed across the Kali SINE insertion within the OGI 236 5'-promoter region. The accumulation of 24-nt small RNA was observed as well, probably 237 triggered by the application of these methylation marks. Both of these observations are 238 consistent with the action of the canonical RdDM pathway, involving the action of Pol IV 239 (Matzke et al., 2015) . Identification of the corresponding 26-45 nt precursor Pol IV and 240 RDR2-dependent RNAs (Blevins et al., 2015; Zhai et al., 2015) would confirm this 241 hypothesis. The switch from expression of OGI as a Pol II transcript in D. lotus to 242 repression via a Pol IV transcript in D. kaki could be due to the presence of the Kali SINE-243 element in the promoter of OGI. This type of switch from post-transcriptional gene silencing 244 (PTGS) to transcriptional gene silencing (TGS) of transposable elements has been 245 observed previously (Borges and Martienssen, 2015) although in this case, it is associated 246 with the regulation of a major functional pathway and possibly critical to the switch from 247 dioecy to monoeocy (see below). 248
The identity of the signal that triggers smMeGI production and the switch from 249 female to male branches remains unclear (Figure 4) While the exact nature of the triggers that result in sex reversal remains elusive, it is 262 possible that this epigenetic plasticity is advantageous in the D. kaki hexaploid background. 263
In the diploid D. lotus, sex reversal is virtually never observed and tree sex is completely 264 genetically linked the presence of the OGI gene . Indeed, while lower 265 tested suggests a historical bottleneck, possibly under natural selection or, alternatively, 275 from domestication or historical breeding for optimal ratios of male to female flowers for fruit 276 production. Investigation of the mechanism for sex determination in other polyploid 277 Diospyros species will help distinguish between these possibilities. So far, our results 278 provide evidence that sexuality can be epigenetically regulated in a tree species, enable 279 mechanistic exploration of epigenetic mechanisms affecting reproductive traits. 280
METHODS 281
Plant materials 282
For observation of the sex determination patterns and discriminant analysis of sexuality in 283 monoecious Diospyros kaki, eight monoecious cultivars (Supplemental Table 5 ), all planted 284 in the Kyoto University orchard (Kyoto, Japan, 35º03', 135º78' L/L), were used. For 285 expression analyses, mixed buds from seven cultivars (Supplemental Table 5 ) were 286 harvested on June 9-13, July 9-13, August 9-13 and October 10, 2014 and on January 10, 287 Table 5 ). For zebularine treatment, D. kaki monoecious cvs. 299
Zenjimaru, Taishu and Fudegaki, and male and female D. lotus cvs. Kunsenshi were used. 300
In the Kyoto University orchard, cv. Zenjimaru was maintained in 40 L planting pots. For the 301 zebularine experiment, potted trees were utilized. All other cultivars were planted in the 302
ground. 303
Flower sex determination patterns in monoecious D. kaki cultivars 304
A total of 919 buds from 8 monoecious D. kaki cultivars (Supplemental Table 5) were 305 observed to assess the relationship between environmental variables, parental branch 306 gender, and buds in 2014-2015. A previous report (Yonemori et al., 1993) suggested that 307 flower gender in monoecious cultivars is affected by three main parameters: (i) the gender 308 of the parental branch, (ii) the length of the parental branch, and (iii) bud positions. A 309 multiple discriminant model was thus constructed using these three parameters, with data 310 from the 919 buds, and using the lda function in the R MASS library. At least 20 buds were 311 assessed for each parameter. Note that male parental branches normally only bear 2-5 312 buds. The numbers of buds in the 6-8 th positions on male parental branches were thus 313 smaller. Based on the discriminant model obtained (Supplemental Table 2 ), apical buds 314 developing on long (>40 cm) female parental branches were used as developing female 315 buds (posterior prob. > 92.5% in MDA, Supplemental Table 2 ). Any buds developing on 316 short (<12 cm) male parental branches were used as developing male buds (posterior prob. 317 >95% in MDA, Supplemental Table 2 ). The results obtained from the quantitative PCR and 318 smRNA-Seq analyses were consistent with these assessments. 319
smRNA-Seq libraries 320
Total RNA was extracted from pools of 7-9 developing buds using the Plant RNA 321
Purification Reagent (Invitrogen) and purified by phenol/chloroform extraction. The small 322 RNA fraction was concentrated from total RNA using a mirVana miRNA Isolation kit (Life 323 Technologies). Approximately 80-120 ng of small RNA was subjected to library construction 324 using a NEBNext Small RNA Library Prep Set (NEB), according to the manufacturer's 325 instructions. PCR enrichment reactions were performed using 12-15 cycles of amplification, 326 followed by filtration of ca. > 200-bp fragments using AMPure (AMPure: reaction = 1.1: 1 327 v/v) and a final cleanup step (AMPure: reaction = 3: 1 v/v) to remove self-ligated adapter 328 dimers. Library quality and quantity were assessed using an Agilent BioAnalyzer (Agilent 329 Technologies) and Qubit fluorometer (Invitrogen). The constructed libraries were 330 sequenced using Illumina's HiSeq 2500/4000 sequencer (50-bp single-end reads). 331
Bisulfite PCR sequencing library 332
Genomic DNA was extracted using the CTAB method (Akagi et al., 2014b) and purified by 333 phenol/chloroform extraction. Two micrograms of gDNA was subjected to bisulfite 334 treatment using a MethylEasy Xceed Rapid DNA Bisulfite Modification Kit (TaKaRa) to 335 deaminate non-methylated cytosine (C) residues into uracil (U) residues. The bisulfite-336 treated sequences of the MeGI 5' promoter and genic regions were amplified by TaKaRa 337 13 EpiTaq HS (TaKaRa) using sense-and antisense-specific primer sets (Supplemental Table  338 5). The resulting amplicons were subjected to end repair, A-base overhanging, and adaptor 339 ligation, as described in the mRNA-Seq library construction section in a previous report 340 (Akagi et al., 2014b) . The eluted DNA was enriched by PCR using Phusion 2X HF master 341 mix (NEB) or PrimeSTAR Max DNA polymerase (TaKaRa), with the following PCR 342 conditions: 30 s at 95°C; 8-12 cycles of 10 s at 95°C, 30 s at 65°C, and 30-60 s at 72°C, 343 and a final extension step of 1 min at 72°C. Enriched libraries were purified with AMPure (1: 344 1 v/v AMPure to reaction). Libraries were sequenced on the Illumina MiSeq 2500 345 sequencer (150-bp paired-end or 250-bp paired reads). For deeper sequencing (coverage 346 > 50,000) of the amplicons, a fragmentation step was added, according to the previous 347 report (Akagi et al., 2014b) , and the resulting libraries were sequenced on the Illumina 348
HiSeq 2500/4000 sequencer (50-bp single or 150-bp paired reads). 349
Sequencing and initial read processing 350
All Illumina sequencing was conducted at the Vincent J. Coates Genomics Sequencing 351
Laboratory at UC Berkeley, and the raw sequencing reads were processed using custom 352
Python scripts developed in the Comai laboratory and available online 353 (http://comailab.genomecenter.ucdavis.edu/index.php/Barcoded_data_preparation_tools), 354 as previously described . Briefly, reads were split based on index 355 information and trimmed for quality (average Phred sequence quality > 20 over a 5 bp 356 sliding window) and adaptor sequence contamination. Next, a read length cut-off of 35 bps 357 was applied to mRNA reads, while a cut-off of 19 bps was applied to small-RNA reads. All 358 samples used to generate Illumina sequences are listed in Supplemental Table 6 and 7. 359
Expression profiling 360
cDNA was synthesized from 500 ng of total RNA using ReverTra Ace qPCR RT Master Mix 361 with gDNA Remover (TOYOBO), and 4-fold diluted cDNA was used as a template for 362 quantitative RT-PCR (qPCR) analysis. qPCR analysis of MeGI and OGI expression 363 (primers in Supplemental Table 8 was carried out using SYBR Green Master Mix and a 364
LightCycler 480 (Roche). PCR was performed under the following conditions: 95°C for 3 365 min followed by 45 cycles of 95°C for 10 sec, 57-59°C for 5 sec, and 72°C for 15 sec. 366
Gene-specific amplification was confirmed by melting curve analysis. The average values 367 of two independently synthesized cDNAs (technical replicates) were used for each cultivar 368 (biological replicates). For the reference gene, primer pairs specific to Actin (AB473616) 369
were used under the same PCR conditions as above. Statistic significance of differential 370
MeGI expression between male and female buds/flowers from seven D. kaki cultivars 371 (Supplemental Table 5 ) was assessed by paired Student's t-test (N = 7 x 2). 372
For smRNA analysis, smRNA-Seq reads were mapped to the previously assembled 373 D. lotus transcriptome , except that the OGI and MeGI transcripts were 374 replaced with full-length MeGI and OGI genomic sequences including the surrounding 375 regions, which were sequenced from cv. Taishu (D. kaki) and cv. Kunsenshi-male (D. lotus) 376 for mapping of D. kaki and D. lotus reads, respectively. Mapping was performed using BWA 377 (Li and Durbin, 2009 ) and allowing no nucleotide mismatches. Read counts per contig 378 statistics were generated from the aligned .SAM files using a custom R script, which 379 recorded the number of smRNAs of different sizes, and mapping to different parts of the 380 OGI and MeGI genomic sequences. Expression levels were recorded as reads per million 381 reads. The coverage and distribution of the smRNAs reads were visualized as the sum of 382 the sense and antisense strand reads using Integrative Genomics Viewer (IGV) ver. 2.3 383 (Robinson et al., 2011) . 384
Detection of methylated cytosine residue 385
The bisulfite PCR sequencing reads were mapped to the modified MeGI and OGI 386 sequences, where all the cytosine residues were altered to thymine residues. The mapping 387 was performed using the BWA aligner (Li and Durbin, 2009) , allowing up to 10-bp, 25-bp 388 and 35-bp nucleotide mismatches for SE50, PE150 and PE250 reads, respectively. The 389 informative SNPs in the reads sequences were called using the mpileup tool in SAMtool (Li 390 et al., 2009) . The frequency of thymine-to-cytosine modifications was calculated at each of 391 the cytosine positions present in the original sequence, with coverage values ranging from 392 50 to 100,000. 393
To normalize the conversion effect in bisulfite treatment, the matK region from 394 chloroplast DNA of Diospyros (GU471729) was also amplified in each bisulfite treated-395 sample (see Supplemental Table 8 for primer information), followed by Illumina sequencing 396 analysis, as described above. Generally, >99.5% of Cs were converted to Us in our 397
analyses. The detected conversion ratios were used for normalization of methylation levels 398 among the samples, according to Masser et al. (2015) . When methylation data are shown 399 as a mean per region, the normalized percent methylation at each cytosine was recorded 400
and these values were averaged across the length of the assayed region. 401
One of the representative methylation residues in the MeGI promoter, located 26-bp 402 upstream from the start codon, was converted to a Cleaved Amplified Polymorphic 403 Sequence (CAPS) marker recognized by HpyCH4 IV and used as a proxy for methylation 404 status in single developing buds (Supplemental Figure 9) . The bisulfite-treated sequences 405 of the MeGI 5' promoter region were amplified by TaKaRa EpiTaq HS using primers MeGI-406
SenseProm-bis-F1 and MeGI-SenseProm-bis-F1 (Supplemental Table 8 ), followed by 407
Analyses of the Kali SINE-like insertion in the OGI promoter 409
The primer pairs for DNA sequence analysis of the 5' promoter region of OGI were 410 designed based on D. lotus BAC sequences . PCR was performed 411 using PrimeSTAR GXL DNA polymerase (TaKaRa). Primer pairs OGI-prom2F and OGI-412 spR (Supplemental Table 8 hours after placing the pollen grains on 15% sucrose/0.005% boric acid / 1.0% agarose 448 medium at 25°C. Pollen germination frequency was recorded as average percentages, 449 using batches of 200-300 pollen grain from five flowers (biological replicates) from the 450 same branch. Pollen grains exhibiting pollen tubes longer than 3-times the length of the 451 grain were counted as "germinated". Pistil length and pollen germination ratio were 452 measured in fully mature flowers, i.e., 1-2 days after the petals had completely opened. 453
Total RNA was extracted from pools of 3 developing flowers harvested on April 26, 2015, 454 using the Plant RNA Purification Reagent (Invitrogen) and purified by phenol/chloroform 455 extraction, as described above. From the total RNA extracted, the small RNA fraction was 456 concentrated and subjected to smRNA-Seq analysis as described above. To compare 457 methylation levels between samples, genomic DNA was extracted from 6 feminized and 458 non-feminized flowers from the zebularine-treated sections, on May 3-4, 2016, using the 459 CTAB method. Two micrograms of gDNA was subjected to bisulfite treatment, followed by 460 PCR amplification of the MeGI promoter region. The amplicons were subjected to Illumina 461 sequencing, which was used to calculate the cytosine methylation ratio, as described 462
above. 463
Accession numbers 464
All sequence data generated in the context of this manuscript have been deposited in the 465 appropriate DDBJ database: Illumina reads for smRNA-Seq and bisulfite amplicon 466 sequencing were deposited in the Short Read Archives (SRA) database (BioProject ID 467 PRJDB4334), and the OGI promoter genomic sequences from Diospyros kaki cultivar 468
Taishu were submitted to GenBank (IDs LC120366). 
Hiroshima, E.S.O., and Prefecture (1979). Fruit Tree Experiment Station of Hiroshima 532
Prefecture. Showa 53-nendo Shubyotokusei-bunrui-chosa-hokokusho (Kaki). (Akagi et al., 2014b) , female primordia exhibit a simple "solitary" structure while male primordia exhibit trifurcated architecture (Supplemental Figure 1) . Buds then enter dormancy until April of the next year, at which point flowers start to develop. B. Trends in male and female flower development in the next annual cycle (see Methods). Apical buds on branches carrying female flowers most often develop into female flowers (>80%), while medial buds on those same branches can be male of female. On the other hand, buds from male parent branches strongly tend to develop into male branches irrespective of their position on the parental branch (>95%). For each branch, the relative percentages of male (blue), female (pink) and branches with no flowers (grey) are represented as stacked bars. 
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Male flowers exhibited elongated styles and formed normal ovules including immature embryos At: anther, 
